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Abstract 


We investigate the vacnnm stability in a scale invariant local U{l)y^ model 
with vanishing scalar potential at the Planck scale. We hnd that it is 
impossible to realize the Higgs mass of 125 GeV while keeping the Higgs 
qnartic conpling Xh positive in all energy scales, that is, the same as the 
standard model. Once one allows Xh < 0, the lower bonnds of the Z' bo¬ 
son mass are obtained throngh the positive dehniteness of the scalar mass 
sqnared eigenvalues, while the bounds are smaller than the LHC bounds. 
On the other hand, the upper bounds strongly depend on the number of 
relevant Majorana Yukawa couplings of the right-handed neutrinos W. 
Considering decoupling effects of the Z' boson and the right-handed neu¬ 
trinos, the condition of the singlet scalar qnartic coupling > 0 gives 
the upper bound in the W = 1 case, while it does not constrain the 
Ny = 2 and 3 cases. In particular, we hnd that the Z' boson mass is 
tightly restricted for the W = 1 case as Mz' < 3.7 TeV. 


1 Introduction 


The standard model- (SM-)like Higgs boson was discovered at the LHC, and its mass was 
obtained by the ATLAS and CMS combined experiments as 

Mh = 125.09 ± 0.21 (stat.) ± 0.11 (syst.) GeV, (1) 

with a relative uncertainty of 0.2% [1]. The SM predicts that the quartic coupling of 
the Higgs Xh and its (3 function becomes zero below, but close to, the Planck scale 
(Mpi = 2.435 X 10^® GeV) The negative quartic coupling causes a vacuum stability 
problem, which may suggest the appearance of new physics below the Planck scale. In fact, 
the vacuum of the Higgs potential is meta-stable in the SM, and the vacuum stability has 
been discussed in a number of works [3]-[l9]. In particular, the multiple point principle 
(MPP) requires the vanishing and (3xh ^ high energy scale, and it suggests a 
135 ± 9 GeV Higgs mass with the top pole mass as 173 ± 5 GeV [20] (see also Refs. iza- 
iza for more recent analyses). Note that the conditions of the MPP could be naturally 
realized by the asymptotic safety of gravity [T^ . 

The vanishing the Higgs quartic coupling near the Planck scale might suggest that 
the Higgs potential is completely flat at the Planck scale, and this possibility has been 
studied in Refs. [28|-[33|. In this context, the Higgs mass term is forbidden by a classical 
conformal invariance. The classical conformal invariance could be broken in general by 
radiative corrections via the Goleman-Weinberg (GW) mechanism [35], or a condensation 
in a strongly coupled sector like the QGD. In particular, in a flatland scenario, which 
is called in Ref. [SU], an additional local U{1) symmetry exists, and it is radiatively 
broken by the GW mechanism. Then, since the SM singlet scalar gets a nonzero vacuum 
expectation value (VEV), its mixing term with the Higgs becomes the Higgs mass term. If 
the mass term is negative, electroweak (EW) symmetry breaking could successfully occur. 
In Ref. [ 31 ], the authors investigated the possibilities of the flatland scenario in various 
f/(l) extended models. 

In addition, the hierarchy problem for the Higgs mass can be solved in the flatland 
scenario as follows. From Bardeen’s argument [SB], the quadratic divergence of the Higgs 
mass can always be multiplicatively subtracted at some energy scale. Once the mass term 
is renormalized at a high energy scale, e.g., the Planck scale, the quadratic divergence 
does not appear at lower energy scales. Then, the hierarchy problem is an issue only for 
logarithmic divergences. Since the renormalization group equation (RGE) of the Higgs 
mass term in the SM is proportional to itself, if it is zero at a high energy scale, it 
continues to be zero at lower energy scales as long as the theory is valid. However, if 
there is a mixing term between the Higgs and other scalar held, the RGE of the Higgs 
mass term includes a term proportional to the scalar mass squared. This term comes 
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from the logarithmic divergence due to the loop diagram of the scalar held. Then, the 
correction would be relevant for a realization of the Higgs mass when the scalar mass is 
not so large compared to the EW scale. Therefore, the hierarchy problem can be solved 
if no large intermediate scales exist between the EW and the Planck scales. 

In this paper, we begin with a review of the hatland scenario in Sect. El in which we 
use the U{1)^ extended model as in Ref. |33]- R is known that the CW mechanism can 
occur and the EW symmetry is successfully broken in this model (see Ref. m)- However, 
a running of the singlet scalar quartic coupling is quite different from the typically ex¬ 
pected one, when the number of relevant Majorana Yukawa couplings of the right-handed 
neutrinos is two, i.e., W = 2. Nevertheless, we hud that the CW mechanism can also 
successfully occur in the W = 2 case. Next, we investigate the vacuum stability using 
two-loop RGEs in Sect. [3l We hnd that it is impossible to realize the Higgs mass of 
125 GeV while keeping > 0 at all energy scales, that is, the same as the SM. Once one 
allows Xh < 0, the lower bounds of the Z' boson mass are obtained through the positive 
dehniteness of the scalar mass squared eigenvalues, while the bounds are smaller than the 
LHG bounds. On the other hand, the upper bounds strongly depend on W. Gonsidering 
the decoupling effects of the Z' boson and the right-handed neutrinos, the condition of the 
singlet scalar quartic coupling > 0 gives the upper bound in the W = 1 case, while it 
does not constrain the W = 2 and 3 cases. Finally, we mention the experimental bounds 
on the Z' boson mass in Sect. IU and hnd that the Z' boson mass is tightly restricted for 

the W = 1 case to 2.24 (2.59) TeV < Mz' < 3.7 TeV, where the lower bound corresponds 

to the ATLAS (GMS) result. 

2 ^(l)x extension of the SM in the flatland scenario 

We consider the U{1)^ extension of the SM, in which held contents are as shown in Table 
[H A scalar potential is given by 

R = Xh\H\^ + + A^ix|i7n<h|2, (2) 

where H and <h are a Higgs doublet and an SM singlet complex scalar, respectively. Since 
we assume the classical conformality, there are no dimensional parameters such as mass 
squared terms. In the hatland scenario, we impose that all the quartic couplings vanish 
at the Planck scale. The Lagrangian including right-handed neutrinos N is given by 

Cm = -Y^TT^HNi - + (h.c.), (3) 

where L is the lepton doublet, and a and i show the indices of the havor and mass 

eigenstates, respectively. Since the type-I seesaw mechanism generates the active neu¬ 
trino masses by integrating out right-handed neutrinos with TeV-scale masses, the Dirac 
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SU{3)c^SU{2)l^U{1)y 

tl(l)A 

Q 

(3, 2, 1/6) 

1/5 

U" 

(3, 1, -2/3) 

1/5 


(3, 1, 1/3) 

-3/5 

L 

(1.2, -1/2) 

-3/5 


(1.1. 1) 

1/5 


(1, 1, 0) 

1 

H 

(1. 2, 1/2) 

-2/5 

$ 

(1, 1, 0) 

2 


Table 1: Quantum numbers of the fields in the SM with symmetry. 


Yukawa couplings are typically 0(10“®). Thus, we neglect Yjq for the RGE analyses in 
the following. Here, there are two U{1) gauge bosons, and we take their kinetic terms as 
diagonal. Then, the covariant derivative is given by 

D, = d,- ig.T-Gl - - tgrYB^ - i{g^^Y + g^X)B^, (4) 

where Y and X denote U{1)y and U{1)^ charges, respectively. The U{1)^ gauge boson is 
conventionally called the Z' boson, and we denote Z'^ = B^ hereafter (see Ref. [3Z] for a 
review of the Z' boson). The gauge couplings of SU{3)c, SU{2 )l, U{1)y, and U{1)^ are 
gs, fi' 2 , gy, and g^, respectively. In addition, there is a U{1) mixing coupling gmix, because 
it appears through loop corrections of fermions having both U{1)y and U{1)^ charges 
even if vanishes at some scale. In this paper, we impose (7mix(^pi) = 0, which would 
arise from breaking a simple unihed gauge group into SU{3)c ® SU{2)l 0 U{1)y 
In particular, there is the well-known decomposition of the S'(9(10) GUT as S'O(IO) —?• 
S'f/(5) ®[/(l)^. Thus, when the S'O(IO) GUT is broken at the Planck scale, gmix{Mpi) = 0 
is naturally expected. 

Let us explain the mechanism of the U{1)^ symmetry breaking and the subsequent 
EW symmetry breaking. The U{1)^ symmetry breaking is caused by the one-loop GW 
potential for the U{1)^ sector, which is given by 

U<i>(0) = ^ l^lOAl + 48g^^ - 8 j (^In ^ , (5) 

around (p = M [35]. In this equation, we take <h = 0/\/2 in the unitary gauge, and 
Majorana Yukawa couplings of the right-handed neutrinos are diagonal as Y^ = 

In our following analyses, we will take ^ y\^. = for simplicity, where stands for 

the number of large Majorana Yukawa couplings that are enough to be effective in the 
RGE. Equation dSj) satishes the following renormalization conditions 




<^=0 


0 , 




(l>=M 


6A<j>. 


( 6 ) 
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When the SM singlet scalar has a nonzero VEV (0) = we choose the renormalization 
scale at M = to avoid the large log corrections, which have uncertainty in a large 
ln(0^/n|) region. Then, the minimization condition of the potential (jS]) induces 

Aci.(wci,) = (10A| + - 8 Wi/m) (^■^)- (V 

When this relation is satisfied, the [^(l)x symmetry is broken at v,^. 

Once the SM singlet scalar gets a nonzero VEV the singlet scalar, the Z' boson, 
and the right-handed neutrinos become massive: 


= y ^ = V2yM{vq>)vq>, ( 8 ) 

respectively. To realize the CW mechanism successfully, the logarithmic terms of potential 
(j5]) should be effective compared to the first term. Thus, A$(n$) should be much smaller 
than and and the mass hierarchy <C M^/, M^r is expected. As will be 

shown later, the typical value of is a few GeV, and then the singlet scalar does not 
decouple in the EW scale, while the Z' boson and the right-handed neutrinos decouple. 
From Eq. ([7]), the masses are approximately written as 


Ml ~ I3u{v^)vl > 0 , 


Mat ~ V 3 J 


(9) 


Notice that (3\^{v<^) > 0 is required, since the scalar mass squared must be positive. On 
the other hand, < 0 must be satisfied to avoid A$ < 0 (which might cause the 

vacuum instability), since we impose A$(Mpi) = 0. Therefore, a running of A$ is typically 
curved upward in the flatland scenario. 

In general, a criterion for the successful CW mechanism has been derived as lai 


123x^-50.+ 12/^ (10) 

2+Af„ V 6 ' ' 

where x represents a generalized B — L gauge charge: x = 0, 1/3, and x = 1/5 correspond 
to U{1)r, U{1)b-l. and U{1)^ models, respectively. In our case, i.e., for a U{1)^ model. 


K = 0.9417, 0.9988, 0.9786 for W = 1, 2, 3, 


( 11 ) 


respectively. Thus, in the V(l)x model, the flatland scenario can work for any Ny = 1-3. 
However, in the ^7(1)^; and U{1)b-l models, the flatland scenario cannot work because of 
A > 1 for W < 10 and 20, respectively. For Ny = 0, A$ becomes negative in any energy 
scale below the Planck scale, because almost depends on the gauge quartic terms (see 
Eq. flMlP . Thus, the flatland scenario cannot work in the W = 0 case. 

Here, we comment on a running of A$ in the Ny = 2 case, in which the value of K is 
almost equal to 1. It means that the terms 48(7^ — 8Wj/^ in Eq. fl54D . are almost 
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vanishing. Then, two-loop order terms of are comparable to one-loop order terms, 
and becomes negative at all energy scales. Thns, the rnnning of A$ is monotonically 
and very slowly decreasing from the EW scale to the Planck scale [see Fig. [I]-(b)], which 
is a qnite different sitnation from that typically expected in the conventional flatland 
scenario. It is worth noting that the CW mechanism can also work in the = 2 case, 
since the minimization condition ([7]) can be satished at the energy scale of 

After the symmetry breaking by the CW mechanism, the Higgs mass term is 

generated as 




( 12 ) 


and the tree-level Higgs potential at n# is given by 

1 1 


(13) 


where we take H = (0, {vh + h)/x/2)'^ in the nnitary gange. Below the energy scale of 
rnnning of the Higgs mass term is governed by 


drnjj 

dln/i 


IGtt^ 


m]j 12 \h + 6 |/; 


-A 


A 



+ 2AmixAf| 


• (14) 


From Eq. (|H]), the last term in Eq. fll4p is of the order of A$m^, and then it is negligible 
becanse of A$ 1. In other words, Amix ~ is reqnired since is the EW 

scale, and then it is small enongh to be neglected. Below M^/, the Z' boson deconples, 
and then the terms inclnding and/or are omitted from Eq. (ITT)) . Note that the 
effects can be nnmerically neglected, since they are snfhciently small compared to other 
contribntions in Eq. ffTTjl . As the VEV of the Higgs vh, the minimization condition of 
the Higgs potential indnces 


where rn\j mnst be negative to realize the electroweak symmetry breaking. Notice that 
A mi x, or naturally becomes negative in the flatland scenario, since strongly 

depends on the gauge quartic terms which are always positive [see Eq. (1531) ]. Then, the 
Higgs pole mass is given by 


54 / — 2Xh{vhAh + 


(16) 


where AM/ is the Higgs self-energy correction to the Higgs pole mass [6]. The running 
of couplings controlled by the initial values of Qy. and i/m, and they are determined to 
realize vh — 246 GeV and — 125 GeV. On the other hand, once or i/m is hxed, the 
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other is uniquely determined by Eq. o. Therefore, there is only one free parameter in 
the flatland scenario, and the physical quantities are uniquely predicted^ 

After the EW symmetry breaking, the singlet scalar and the Higgs are mixed by the 
Amix term. Then, the mass eigenvalues are different from and Mh- The scalar mass 
squared matrix is given by 


= 


2 '^mix^ir^‘I> 
XmixVHViS, Ml 


Ml 


(17) 


where and are given by Eqs. fITBD and ([H]), respectively. Then, the scalar mixing 
angle 6 is expressed as 


tan 26* 


Ml - Ml ■ 


(18) 


Since the flatland scenario expects A$ -C |Amix| <C A/f at a low energy scale, the lighter 
scalar mass squared eigenvalue is approximately written by 


Ml 


Ml - 


i {Ml - Ml) 


(19) 


It would be negative for a large |Amix|- We will discuss the positive dehniteness of the 
scalar mass squared eigenvalues in the next section. 

In the same way, the U{1) gauge bosons are mixed by the term. It is potentially 
dangerous, because the p-parameter deviates from unity at the tree level. The mass term 
of the Z and Z' bosons are given by 


Cz = -{Z„Zl)M\ 


Iz' 


Zf^ 

Z'^ 


Mzz' 


M| 

5M^ 


5M^ 

Ml + I (Pmix - t9xY'>^ 


( 20 ) 


where Mz is the SM one as = (py + gDvjj/A, and the second term of Z' boson mass 
is obtained by the Higgs VEV after the EW symmetry breaking, which is much smaller 
than M|, because of -C The mixing term is given by 


6M^ 


sjgl + gl (^^mix - 




( 21 ) 


and the mass matrix is diagonalized by 


tan26*^ = 


25M^ 


Ml 


Ml + J (Pn 


IdxY 




( 22 ) 


^ More accurately, there are more degrees of freedom for the Major ana Yukawa coupling matrix Y^. 
But, we had taken tr[Y2^] = N^um for simplicity, and analyze independently by fixing N^, = 1, 2, and 3. 
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(a) N, = 1 


(b) N, = 2 




(c) K = 3 



Figure 1: Example of runnings of quartic couplings for Ny = 1, 2 and 3. The red, green, 
and blue lines correspond to 10“® x A//, A#, and —10“^ x Amix, respectively. Two vertical 
grid lines represent and Mpi, respectively. The decoupling effects of the Z' boson and 
the right-handed neutrinos are not considered in these hgures. 


After diagonalizing the mass matrix, the lighter mass squared eigenvalue is approximately 
obtained by 


Mf ^ M| 


_ {6M^f _ 

-|- J (gmix — ffi'x) ~ 


(23) 


which is smaller than M|. The p-parameter deviates from unity when Mi is different 
from Mz- We will also discuss the deviation of the p-parameter in the next section. 


3 Constraints by the vacuum stability 

In Fig. [H we show runnings of the scalar quartic couplings. The Ny = 1 and 3 cases show 
the behavior as expected in the conventional flatland scenario, that is, a running of A$ 
is curved upward, and A^ix is negative to realize the negative Higgs mass term. On the 
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other hand, for N^, = 2, a running of A$ behaves quite differently from N^, = 1 and 3. The 
running of A# is monotonically and slowly decreasing from the EW scale to the Planck 
scale as mentioned above. In all = 1-3, the Higgs mass of 125.1 GeV is realized with 
the top pole mass of 171 GeV, and the U{1)^ is broken at ~ 10 TeV. In these cases, the 
singlet scalar, the Z' boson, and right-handed neutrino are massive for = 1, 2, 3 as 
Mq, ~ 5.0 GeV, 2.7 GeV, 3.9 GeV, M^/ ~ 2.0 TeV, 2.0 TeV, 2.0 TeV, and M^r ~ 2.3 TeV, 
1.9 TeV, 1.7 TeV, respectively. The values of the ratio Mz'/Mj^ agree very well with the 
predicted values from Eq. ([9]). 

We investigate the parameter spaces allowed by the vacuum stability using two-loop 
RGEs. Since there is a few percent error for a running of the Higgs quartic coupling \h 
in one-loop RGEs, we have to use two-loop RGEs for a discussion of the vacuum stability. 
Adding the singlet scalar into the SM, the vacuum stability conditions are given by [38] 

Xh >0, A$ > 0, 4A/fA$ — A^j,^ > 0. (24) 


These conditions should be satished in any energy scale. If all the quartic couplings are 
positive, the potential is trivially bounded from below, and the vacuum is stable. The last 


condition in Eq. fl2T|) shows the upper bound of |Amix|. Note that there are the non-trivial 
vacuum stability conditions of Amix < 0. 

For our analyses, we take as a free parameter, and show its dependences on the other 
physical quantities in Fig. [21 Since and M^r satisfy Eq. ([9]), they are almost the same 
value. Although this hgure shows the result for = 1, the predicted physical quantities 
are almost the same for = 2 and 3. This is because the runnings of the couplings, 
except A$, are almost the same for any N^. The left and right shaded regions correspond 
to constraints obtained by the vacuum stability conditions and the positive dehniteness 
of the scalar mass squared eigenvalues, respectively. We will explain the constraints while 
discussing each condition below. 

First, we consider the Higgs quartic coupling X^j. To realize Aj^ > 0 in any energy 
scale, the (3 function of Xh at the Planck scale should satisfy < 0 because of 

Xh{M-p\) = 0. In the SM, once Xn^M-pi) = 0 and /9 a^(Mpi) < 0 is imposed, we can End 

^ 173 GeV and > 129 GeV [21 [19], while this lower bound of the Higgs mass is 
disfavored by the experiments. In the flatland scenario, f3xfj{Mpi) is given by 


I3\h{Mp\) — 


(dvr) 


-^yt + 


‘^92 + 5'2 + S'v + 



(25) 


up to the one-loop level. The larger becomes, the larger the top Yukawa coupling 
(or the top pole mass Mt) becomes compared with the SM in order to realize the 125 GeV 
Higgs mass. The left hgure of Fig. [3] shows the relation between Mt and in 

which the dots realize the Higgs mass in the range of Eq. ([T]). Then, the larger Mt becomes. 






i i(H 


10 * - 





10 ^ 


0.1 


0.01 0.02 0.05 0.10 0.20 0.50 


gxi'*) 


Figure 2: ^7(1)^ gauge coupling dependences on the singlet scalar VEV and new particle 
masses obtained by Eq. ([8]). The left and right shaded regions are excluded by the < 0 
and < 0 conditions, respectively. This hgure shows the = 1 case, and the left 
shaded region does not appear in the N^y = 2 and 3 cases. 

the larger becomes, while the Higgs mass cannot be realized by Mt < 171 GeV. 

We hnd that it is impossible to simultaneously realize both (3x^{M-p\) < 0 (or \h > 0) 
and Mh — 125 GeV. 

On the other hand, once one gives up Aj:/ > 0 in any energy scale and imposes 
Xh{Mpi) = 0, the measured Higgs mass as — 125 GeV can be realized by Mt ~ 
171 GeV in the SM. Although becomes negative below the Planck scale, the vacuum 
is meta-stable, which is phenomenologically allowed. The same thing can be said in the 
flatland scenario unless the running of Xh does not drastically change from that in the 
SM. As becomes larger, — 125 GeV can be realized by the larger Mt compared to 
the SM case, which is shown in the right hgure of Fig. [3l When we allow Xh < 0 as long 
as the vacuum is meta-stable, Mh — 125 GeV can be realized by ~ 0.4 corresponding 
to the experimentally favored value, Mt ~ 173 GeV [SH]- However, the large g^ region as 
5'x ~ 0-2 is excluded for A^^j, = 1 by the positive dehniteness of the scalar mass squared 
eigenvalues, as mentioned below. 

Next, we consider the singlet scalar quartic coupling A$. In Fig. [T] (a), A$ seems to 
become negative an order of magnitude below the singlet scalar VEV However, in 
fact, we can hnd A$ > 0 is realized as follows. After the f7(l)^ symmetry breaking, the Z' 
boson and the right-handed neutrinos become massive. Since their masses are the same 
order of magnitude as they would decouple and be integrated out from the theory 


9 



0.0012 

0.0010 

0.0008 

^ 0.0006 

"3 0.0004 

'o, 

0.0002 
0.0000 
- 0.0002 

170 171 172 173 174 175 176 

M, [GeV] 



176 r 
175 ; 
„ 174 ; 

O) 

a 173; 

§ 

^ 172 : 

170 


■r 

J 


0.01 


0.02 


0.05 0.10 

gA^(>’4>) 


0.20 


0.50 


Figure 3: Left: Relation between the top pole mass and the f5 function of \h at the 
Planck scale. Right: dependences on the top pole mass. The dots realize the Higgs 

mass in a range of Eq. da- 

before A$ becomes negative. Then, the (3 function of A$ becomes 

[ 20 A| + 2A^jJ , (26) 

up to the one-loop level. It does not include contributions of loop diagrams which have 
internal lines of the Z' boson and/or the right-handed neutrinos. Since both A$ and 
Amix are numerically almost equal to zero around i.e., < Mz'iMjsf) ~ 0, it is 

reasonable to consider A$(p < Mz',M]\f) ~ A$(M^/) ~ A$(MAr)|^ Thus, we can find 
that the parameter space of Qxi— Vm) ^ 0.055 is excluded by A$(/i < Mz'^Mjsi) < 0, 
which is shown as the left shaded region in Fig. [2J This constraint corresponds to v<^ < 
3.3 X 10® GeV, > 2.8 GeV, Mz' < 3.7 TeV, and Mat < 4.1 TeV, respectively. 

As for Ny = 2 and 3, we hnd that A<j(, > 0 is not a constrained condition. For Ny = 2, 
we required that the running of A$ is monotonically decreasing from the EW scale to the 
Planck scale, as in Fig. [T](b). Since A$ becomes rather larger at lower energy scales, A$ is 
positive at any energy scale. Thus, the condition A^ > 0 gives no constraint for Ny = 2. 
For Ny = 3, the running of A<i, is the similar to that for Ny = 1, but the gradient of the 
running is much gentler, as in Fig. [T] (c). Then, even for ~ 0.01 the Z' boson and the 
right-handed neutrinos are decoupled before A<i> becomes negative. Therefore, the small 
g^ regions are almost not constrained for Ny = 3. 

Next, we consider the mixing coupling between the scalar helds Amix- The vacuum 
stability requires dAi^A^ — A^x > 0, which means the large mixing can be excluded. 
When both Xh and A$ are positive, the inequality is almost always satished because of 
Xh S> I Amix I- On the other hand, the inequality cannot be explicitly satished when either 
Xh or A$ is negative. Then, we can hnd that the condition 4 AhA$ — AT,^ > 0 is almost 

^ Here, we consider the tree-level matching condition, that is, the running couplings have no gaps at 
Mz' and M^- 
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60 



Figure 4: dependences on the lighter scalar mass squared eigenvalue (left) and the 

scalar mixing coupling (right). The solid, dashed, dotted lines correspond to N^, = 1, 2, 
and 3 respectively. 



A^. = 1 

K = 2 

W = 3 

9x 

0.055 <g^< 0.25 

9x < 0.16 

9x ^ 0.23 


1.3 TeV < < 3.3 x 10^ GeV 

3.8 TeV < 

2.0 TeV < vq> 


2.8 GeV < < 12 GeV 

<4.2 GeV 

M^<7.7GeV 

Mz' 

650 GeV < Mz^ < 3.7 TeV 

1.2TeV<M^, 

860 GeV < Mz' 

Mn 

720 GeV <Mn<^.1 TeV 

l.lTeV<M^ 

720 GeV < Mn 


Table 2: Allowed parameter regions for the physical quantities. 


the same as the condition \h > 0. Note that — AT,^ > 0 cannot be satished in all 

energy scales, since Xh > 0 cannot be satished below the Planck scale in order to realize 
the Higgs mass of 125 GeV as mentioned above. Thus, we try to constrain Amix in other 
conditions, that is, the positive dehniteness of the scalar mass squared eigenvalues. The 
lighter scalar mass squared M^, given by Eq. flT^ would be negative for a large |Amix|- 
The left hgure of Fig. 0] shows that M^, becomes negative for the large region, which 
corresponds to a large mixing region (see the right hgure). Since the running of Amix is 
almost the same for any Ni, = 1-3, the relation between g^ and Amix is also the same. 
Thus, considering the positive dehniteness of the scalar mass squared eigenvalues, we can 
hnd that large g^ regions are excluded in g^. > 0.25, 0.16, and 0.23 for N^, = 1, 2, and 
3, respectively. For example, in = 1 case, it is shown as the right shaded region in 
Fig. O This constraint corresponds to > 1.3 TeV, < 12 GeV, Mz' > 650 GeV, 
and Mjv ^ 720 GeV, respectively. Therefore, the physical quantities are constrained from 
both above and below for N^, = 1. We show the allowed parameter regions for the physical 
quantities in Table [2l In fact, the ATLAS and GMS experiments have obtained larger 
lower bounds for Mz' than those in Table [2] as mentioned below. 
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gA'(v<I>) 


Figure 5: and Mz' dependence on 6p. The lower and upper horizontal lines correspond 

to the central value and the upper bound at 1 a, respectively. The solid, dashed, dotted 
lines correspond to iVy = 1, 2, and 3 respectively. 


4 Experimental bounds 


In this section, we mention the experimental bounds. When there is gauge mixing between 
the Z and Z' bosons in the EW scale, it is dangerous since the p-parameter deviates from 
unity at the tree level. Let us estimate the deviation of the p-parameter [31]. The tree- 
level p-parameter is dehned by po = where is the W boson 

mass, and = P 2 /'v/fi'y + Weinberg angle. The deviation of the p-parameter 

5p = Po — 1 is always positive because of Mi < Mz- From Eq. fl2^ . 5p is approximately 
given by 


= Po - 1 ~ 





(27) 


We can End that 6p is proportional to tan2P^. Thus, 6p is vanishing in the limit of 
tan 2^2 0, which is necessarily required. 

Now, we can compare 5p with its experimental bound po = 1.0004lo;ooo4 [10] • Figure 
[5] shows and Mz' dependence on 5p, in which the lower and upper horizontal lines 
correspond to the central value and the upper bound at 1 a, respectively. We can see that 
(5p is almost independent of Ny, since Ny does not change the running of gauge couplings 
up to one-loop level. 5p becomes larger as g^ becomes larger, equivalently Mz' becomes 
lower. Then, the central value of po and its upper bound at 1 a correspond to gx — 0.19 
and 0.21, equivalently Mz' — 950 GeV and 820 GeV, respectively. Thus, Mz' should be 
heaver than 820 GeV. 
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Finally, we mention the Z' boson mass bounds obtained by the recent collider exper¬ 
iments (see Ref. HU for a review). Currently, the highest mass bounds on the Z' boson 
are obtained by searches at the LHC by the ATLAS and CMS experiments. The most 
recent results are based on the search for the heavy neutral gauge boson decaying to 
or pairs. The ATLAS obtains the exclusion limits at 95% C.L. as M^/ > 2.24 TeV 
for the U{1)^ model. It is used the center-of-mass energy y/s = 8 TeV pp collision data set 
collected in 2012 corresponding to an integrated luminosity of approximately 5.9 (e’''e“) 
/ 6.1 fb“^ [12]. Similarly, the CMS obtains the exclusion limits at 95% C.L. as 

Mz' > 2.59 TeV for the sequential standard model with SM-like couplings |13]. It used 
the y/s = 8 TeV pp collision data set and y/s = 7 TeV data set collected by the CMS 
experiment in 2011 corresponding to an integrated luminosities of up to 4.1 fb“^ |44] . 

In addition, another constraint is obtained by measurements of —)■ // above the 

Z-poIe at the LEP-II, where / denotes various SM fermions. When Mz' is larger than 
the largest collider energy of the LEP-II, which is about 209 GeV, one can effectively 
perform an expansion in s/M|, for four fermion-interactions. Then, effective four-fermion 
interactions have been bounded by the LEP-II. Since the amplitudes of the Z' boson 
mediating interactions are proportional to the bound can be obtained as the 

ratio Mz'lgz') where gz' is a flavor independent Z' gauge coupling. Using the single 
channel estimation, one can obtain the lower bound Mz'jgx ^ 3.8 TeV for the U{l)x 
model [l5]. In a recent parameter htting analysis, the lower bound Mz' /gx ^ 4.8 TeV has 
been obtained at 99% C.L. [45] . 

Let us summarize all the constraints in Fig. [51 In the flatland scenario, the physical 
quantities are uniquely determined once one parameter is fixed. The relation between Mz' 
and gx are given by the black solid line. The shaded regions show constraints obtained 
by Sects. OandHl The constraint from A<i, < 0 is obtained only in the = 1 case, while 
A$ < 0 gives no constraints in the = 2 and 3 cases. Thus, the constraints for Ny = 2 
and 3 are the same as obtained by the LHC experiments: 2.24 (2.59) TeV < Mz', where 
the lower bound corresponds to the ATLAS (CMS) result. On the other hand, we can End 
that the Z' boson mass for A^^i, = 1 is tightly restricted: 2.24 (2.59) TeV < Mz' < 3.7 TeV, 
where the upper bound is obtained by the condition of A$ > 0. 

5 Conclusion 

We have studied the scale invariant local U{l)x model with vanishing scalar potential at 
the Planck scale, which is the so-called flatland scenario. The U{l)x symmetry is broken 
by the CW mechanism, and it subsequently leads to EW symmetry breaking. Using the 
conditions for the CW mechanism to successfully occur and realize — 125 GeV and 
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Figure 6: All the constraints on Mz' and g^. The black line corresponds to the flatland 
prediction for = 1. The shaded regions show constraints obtained by Sect. [3] and 01 

vh — 246 GeV, the physical quantities are uniquely determined once one parameter is 
hxed. 

To constrain the physical quantities, we have investigated the vacuum stability using 
the two-loop RGBs. First, we have considered > 0 at all energy scales, and found that 
it is impossible to realize Mh — 125 GeV while keeping \h > 0, the same situation as in 
the SM. In the following results, we have given up Xh > 0 at any energy scale. 

Next, we have considered A$ > 0 at all energy scales. When the number of relevant 
Majorana Yukawa couplings of the right-handed neutrinos is one, i.e., W = 1, the lower 
bound of the U{1)^ gauge coupling has been obtained by considering the decoupling 
effects of the Z' boson and the right-handed neutrinos. In practice, the condition A$ > 0 
is reasonable to consider A$(/r < Mz',Mm) ~ Xis,{Mz>) — A$(MAr) > 0 because of 
< Mz',Mn) ~ 0. Then, we have found the lower bound of g^, shown as the left 
shaded region in Fig. 01 However, the condition A.^^ > 0 does not constrain in the W = 2 
and 3 cases. For W = 2, the running of A$ is monotonically and slowly decreasing from 
the EW scale to the Planck scale, quite untypically. Thus, the condition A<^ > 0 gives no 
constraint in the W = 2 case, since A$ is always positive. For W = 3, the running of A$ 
is similar to that for W = 1, but the gradient of the running is much gentler. Then, the 
Z' boson and the right-handed neutrinos are decoupled before A$ becomes negative even 
for 9x 0.01. Therefore, the small g^ regions are almost not constrained in the W = 3 
case. 

In addition, we have discussed the positive dehniteness of the scalar mass squared 
eigenvalues. The large gy. generates the large scalar mixing, and it would make the lighter 
mass squared eigenvalue be negative. Thus, it gives the upper bound of g^, which is 
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shown as the right shaded region in Fig. [2j As a result, considering the vacuum stability 
and the positive dehniteness of the scalar mass squared eigenvalues, we have found the 
allowed parameter regions for the physical quantities as in Table |2i 

Finally, we have mentioned the experimental bounds on Mz'- To obtain the constraints 
on Mz', we have discussed the following experiments: the deviation of the p-parameter 
from unity, the pp collision to e’''e“ or at the LHC, and e+e“ —)■ // at the LEP-ll. 

As a result, we have obtained the constraints shown in Fig. El and found that the Z' 
boson mass for A^i. = 1 is tightly restricted to 2.24 (2.59) TeV < Mz' < 3.7 TeV, where 
the lower bound corresponds to the ATLAS (CMS) result. 
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Appendix 


[3 functions in the U{1)^ extended SM 

The RGE of coupling x is given by dx/dln^ = jdx, in which /x is a renormalization scale. 
The /3 functions in the G(l)^ extended SM are given by 


/dgy 

l^9x 

/^9mix 

(^yt 

/^VMi 


/^A<s 

/9a ■ 

I /'mix 


41 


/9o2 


9l 


(dvr)^ 


19 

T 




6 

T96 

/^41 . 2 2 N 196 2\ 4 ,2 2 ^ 

5'mix ( — (2fi'y + 5'mix) + ~^9x ] ~ y^9x \9 y + fi'mix) 


2 ,11 2 _ A 

9x' Q 9mix ^^9mix9x 


25 


9y 

(dvr) 2 
9x 

(dvr) 2 
1 

(dvr) 2 
Vt 

(dvr) 2 

UMj 
(dvr) 2 

1 

(dvr) 2 


T'^mix ~^yt + Q 1 25'2 + ^ 5'2 + 5'y + ( fi'mix - -fi'x 




(47r)" 


-7], 


15^ 

02 02 02 17/2 2N 633 

~ ~ -^92 ~ Y 2 9mix) ~ 4“ '^9mix9x 

[42/m, + 2Tr(F;^) - , 

/ 43 24 

Xh ( 24Aj/ + 12y^ - 3 (^y + - 9^2 “ + y^mix^x 



(dvr) 2 
1 

(dvr) 2 

3 


[A$ (20A$ + 8Tr(F^) - 48^7^ + 2Ali, - 16Tr(F^) + 96^7^] , 


-^mix ^12A/f + 8A$ + dAmix + 6y^ + 4Tr(y^) — 24(7 

+ 12 (9 


2 ) ^92 + 9y + ( 9 


mix 


mix ^9x j 9x 


(28) 

(29) 

(30) 

(31) 

(32) 


(33) 

(34) 


(35) 


up to the one-loop level. We have only included the top quark Yukawa coupling, and 
omitted the other Yukawa couplings of the SM particles, since they do not contribute 
significantly to the Higgs quartie coupling and gauge eouplings. In this paper, we have 
used two-loop /? functions, which are obtained by SARAH mi¬ 


le 




























To solve the RGBs, we take the following boundary conditions [2] : 

gy^Mt) = 0.35761 + 0.00011 - 173.10^ , (36) 

g^(Mt) = 0.64822 + 0.00004 - 173.10^ , (37) 

. , f Mt \ /a3(Mz) - 0.1184\ , , 

gsiMt) = 1.1666 - 0.00046 ( ^ - 173.10j + 0.00314 ( -J , (38) 

y^{Mt) = 0.93558 + 0.00550 (- 173.10^ - 0.00042 f Q^3(Mz) - 0.1184 \ 

^ ^ ^ VGeV J V 0-0007 J ^ ^ 

asiMz) = 0.1184 ± 0.0007, (40) 

where Mt is the pole mass of top quark. 
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